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Our observation of postperihelion Hale–Bopp on November 17–
23, 1997, revealed the comet soft X-ray luminosity of (3.7± 1.2)×
1024 photons s−1 in an aperture of 6× 105 km and in the EUVE
range of 97–165 eV. We also analyzed observations of three comets
from the EUVE archive. The X-ray luminosity of Comet Borrelly
on November 20–22, 1994, was (7.5± 0.6)× 1023 photons s−1 for the
aperture ofρ= 7× 104 km. Upper limits of 2.7× 1023 and 1.4× 1024

photons s−1 were obtained for Comets Encke and Mueller (C/1993
A1) on November 30, 1993, and June 9–11, 1994, for ρ= 1.7× 105

and 4.1× 105 km, respectively. This work has doubled the number
of comet observations in our EUVE database. Soft X-ray emissions
have been detected in five of the eight observations. The measured
X-ray luminocities are consistent with a r 3/2Qgas dependence hav-
ing the efficiency of (6.4± 0.9)× 10−5 AU3/2 and therefore favors
a gas-related mechanism. The only viable candidate is the charge
transfer mechanism. Using our X-ray luminosities as functions of
aperture and assuming the presentation of the charge transfer spec-
trum by thermal bremsstrahlung or the power law, it is possible to
make careful comparison of X-ray observations made with different
instruments. While both our pre- and postperihelion observations
of Hale–Bopp demonstrate a regular behavior of X-rays from that
comet, the outburst detected with the BeppoSAX and the nonde-
tection with the ROSAT look puzzling. We suggest that the long-
term EUVE observations reflect a mean X-ray emission while the
comparatively short BeppoSAX and ROSAT observations of Comet
Hale–Bopp could coincide with a maximum and a minimum in the
heavy ion flux, respectively. c© 2000 Academic Press
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Soft X-ray emission from comets is a new phenomen
discovered in the Roentgen Satellite (ROSAT) and Extre
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(1996 B2) by Lisseet al. (1996) and Mummaet al. (1997), re-
spectively. Later, X-rays were observed in Comets Hale–B
(Krasnopolskyet al.1997, Owenset al.1998), Tabur (Denner
et al.1997), and Encke (Lisseet al.1999b). Study of the ROSAT
all-sky survey by Dennerlet al.(1997) revealed X-rays from fou
other comets. We also detected X-rays from Comet d’Arrest w
the EUVE, while X-rays from Comet Bradfield (C/1995 Q
were below the EUVE detection limit (Mummaet al.
1997).

X-ray emission from comets appeared to be much stron
than expected. For example, the X-ray emisions were equ
1.2× 1016 and 7.3× 1011 erg s−1 from Comet Hyakutake (Liss
et al. 1996, Krasnopolsky 1998) and the Moon (Schmittet al.
1991), respectively. The Moon was observed at a phase a
of ≈100◦, and its visual magnitude is equal to−9.7 at this
angle (Allen 1973). The mean magnitude of Hyakutake d
ing the ROSAT observation was 0.4 (the data are taken f
International Comet Quarterly18(2)), and the Moon’s visua
luminosity is higher than that of Hyakutake by a factor o
after the correction for the geocentric distances (0.00257
0.12 AU, respectively). Therefore the X-ray to visual lumino
ity ratio for Comet Hyakutake exceeds that for the Moon b
factor of 8× 104.

The viable excitation processes are charge exchange of
wind heavy ions (first suggested by Cravens (1997) and late
vestigated by H¨aberliet al.(1997), Krasnopolsky (1997a,b), an
Wegmannet al.(1998)) and scattering of the solar X-rays by s
called attogram dust particles (Wickramasinghe and Hoyle 1
Krasnopolsky 1996, 1997a,b). Some other processes, e.g.,
tron bremsstrahlung and electron impact excitation, were
suggested. However, their contribution to the observed X-
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was proved to be in the order of 1% (Krasnopolsky 199
1998).

Later Ip and Chow (1997) proposed electrostatic chargin
small dust particles and their acceleration by electromagn
interaction with the cometary plasma. Then collisions of th
particles with the ordinary dust particles may release X-r
at a level of 5–10% of the observed emission. However, Ip
Chow (1997) took a yield of X-rays at 10−2 of the kinetic energy
from Ibadov (1990), while Krasnopolsky (1997b) found th
yield at≈3× 10−5. The proper correction results in a negligib
contribution of this process.

A recent attempt by Uchidaet al. (1998) to explain the ob
served X-ray emission of Hyakutake by electron bremsstrah
is based on some inadequate assumptions. They approxim
the emitting coma of Hyakutake as a uniform sphere wit
radius ofR= 2× 105 km, adopted the effective mean dens
of oxygen atoms of 106 cm−3, and assumed that each electr
completely loses its energy in the coma. However, the n
ber of oxygen atoms in their model of the coma exceeds t
actual numberQgasR/v (Qgas≈ 2× 1029 s−1 is the gas produc
tion rate, andv is the gas velocity) by three orders of magnitud
Furthermore, the stopping range of electrons with energ
≈600 eV in H2O is N= 1.7× 1017 cm−2, and their assumption
of the complete loss of electron energy is valid within a rad
R= Q/4Nv= 30 km. Then the effective volume of the emittin
sphere is smaller than that adopted by Uchidaet al.(1998) by a
factor of (2× 105/30)3= 3× 1011.

Shapiro et al. (1999) also explain the X-ray emissio
from comets by bremsstrahlung of electrons produced by
wer hybrid waves. However, the direct measurements of e
tron energy distributions in Comet Halley from the Vega a
Giotto spacecraft preclude bremsstrahlung at a level e
eding ≈1% of the observed X-ray emission (Krasnopols
1998).

Further progress in the field requires more observational d
To respond to this problem, we observed Comet Hale–B
postperihelion in November 1997 and studied observing dat

three other comets from the EUVE archive. This is the subject
of this paper.

opp

/11/97

spatial extents and never coincided with the observed comets.
The remapping routine was developed by one us (M.A.) first
TABLE I
Observing Conditions

C/1993 Al C/1995 Q1 C/1996 B2 C/1995 O1 C/1995 O1
Parameter 2P/Encke Mueller 19P/Borrelly 6P/d’Arrest Bradfield Hyakutake Hale–Bopp Hale–Ba

Dates 30/11–2/12/93 9–11/6/94 20–22/11/94 4–5/9/95 6–7/11/95 21–25/3/96 14–19/9/96 17–23
r (AU) 1.43 2.64 1.39 1.42 1.50 1.07 3.07 3.45
1 (AU) 0.95 2.27 0.64 0.47 1.26 0.12 2.91 3.35
φ (deg) 44 22 42 21 41 50 19 17
ε (deg) 95 100 114 120 83 124 88 88
τ (s) 3.4× 104 3.8× 104 4.1× 104 4.2× 104 3.3× 104 1.0× 105 9.6× 104 9.1× 104

Note. r and1 are heliocentric and geocentric distances,φ is phase angle (Sun–comet–Earth angle),ε is elongation (Sun–Earth–comet angle), andτ is effective

exposure time.

a Postperihelion observation.
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2. RESULTS OF OBSERVATIONS

Observing conditions for three archive comets and post
ihelion Hale–Bopp are given in Table I. The conditions of o
previous EUVE observations of four comets (Mummaet al.
1997) are also shown in the table. Along with the heliocen
and geocentric distancesr and1, respectively, the table include
phase (Sun–comet–Earth) angles and elongations (Sun–E
comet angles). The observations were made on the shadow
of the EUVE orbits. We tried to observe comets at their minim
heliocentric and geocentric distances within the EUVE elon
tion limit εmin≈ 90◦, and this shortened the visibility period
The effective exposure times were corrected for filtering of
South Atlantic Anomaly and some other unfavorable events
were equal to≈20% of the total observation times.

As in our previous studies, we analyze the data obtai
with the deep survey (DS) camera through the lexan/boron
ter which has the size of 120× 40 arcmin. The observed photo
and background events were remapped for motion of the com
the EUVE orbital parallax, and the EUVE pointing correctio
during the observations. This remapping fixed the nucleus o
observed comet at the center of the X-ray image. The ove
pointing uncertainty is 30 arcsec due to thermal flexures in
spacecraft (Abbottet al.1996).

The vignetting function for the lexan/boron filter was rath
flat, decreasing to 75 and 95% to the edges of the long and s
sides of the filter, respectively. Vignetting of the signal diffe
from that of the background; therefore the corrected backgro
increases from the image center to its periphery (by≈10% at
30 arcmin, see below). However, we analyze the signal mo
within 15 arcmin in the center for all comets except Hyakuta
and this does not affect our results. The signal from Hyakut
was so strong that a possible error in the background correc
at the outer image areas was of low importance. The remap
exposure times are also flat within the regions of our analy
Though some bright EUV sources appeared in the field of v
during our observations, they were well seen due to their sm
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FIG. 1. Effective area of the EUVE Deep Survey camera with the lex
boron filter.

for our observations of Comet Hale–Bopp and now is used
standard software for the EUVE observations of moving obje

The EUVE DS peak effective area (Fig. 1) is 28 cm2 at
135 eV, its equivalent width is equal to 1910 cm2 eV, its ef-
fective bandpass isδE= 1910/28= 68 eV (97–165 eV). The
EUVE DS is a narrowband (E/δE= 2) soft X-ray camera. Ac
cording to the standard photometric approach, the results o
EUVE observations (Krasnopolskyet al. 1997, Mummaet al.
1997) are given as photon luminosities within the instrum
bandpass assuming a uniform spectrum. These luminosities
be converted to the total luminosities under some assump
on the X-ray spectrum.

The ROSAT all-sky survey which revealed four com
(Dennerlet al.1997) was done with a proportional counter whi
had a resolving powerE/δE= 1.3 at E= 280 eV. Approxi-
mation of the observed data using the thermal bremsstrah
and the power law spectra resulted inkT= 230± 40 eV and a
photon indexα=−3, respectively (Dennerlet al. 1997). The
observation of Comet Hale–Bopp on September 10, 1996,
the BeppoSAX satellite, which had a better resolving po
of E/δE= 3 at E= 280 eV, showedkT= 290± 60 eV and
α=−3.1+ 0.6/−0.2 (Owenset al.1998). The observations o
Comet Hyakutake with three instruments (ROSAT HRI, ROS
WFC, and EUVE DS) require the mean values ofkT= 360 eV
andα=−2 (Krasnopolsky 1998).

Wegmannet al. (1998) show that a cometary X-ray spe
trum, calculated for charge exchange of solar-wind heavy
and observed with a low-resolution spectrometer, extends u
700 eV and is very similar to the bremsstrahlung spectrum w
kT≈ 200 eV. Our inspection of the spectrum of Wegmannet al.
(1998) shows that the power law spectrum with the photon in

of −3 (that is, an energy index of−2) and a cutoff at 700 eV is
also a good fit.

res,
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The term of thermal bremsstrahlung is confusing because
mal bremsstrahlung is not a physical reality in comets. Even
bremsstrahlung which is expected at a level of≈1% of the total
X-ray in comets, is not thermal. Another inconvenience in
ing thermal bremsstrahlung is the Gaunt factor which depe
weakly on the nucleus chargeZ, kT, andE. We take the Gaun
factor forZ= 8 (oxygen) from Karzas and Latter (1961), and
varies±6% from 100 to 700 eV.

The standard photometric approach presuming a unif
spectrum within a narrow bandpass is the best for compar
with detailed spectra which will be acquired in future, and
will follow it. Reductions of the comet luminosities in the ran
of 97–165 eV for nonuniform spectra are equal to 3, 7.5,
16% for thermal bremsstrahlung spectra withkT= 200–360 eV
and the power law spectra withα=−2 and−3, respectively.
However, the standard photometric approach is inapplicab
instruments having a broad bandpass with a complicated s
ture like the ROSAT HRI. To facilitate a comparison betwe
the different databases, conversion factors between the ph
luminosities and brightnesses in the EUVE DS bandpass
those for the thermal bremsstrahlung and power law spectr
given in Table II. This table shows that the conversion fac
are significantly different even for the spectra withkT= 230 eV
andα=−3, which both fit the best the ROSAT all-sky da
X-ray luminosities of comets are given in Table III in the EUV
range of 97–165 eV and also forE> 100 eV, assuming therma
bremsstrahlung withkT= 230 eV.

Figure 2 shows the X-ray image of Comet Borrelly convolv
with a Gaussian having a half-maximum radius of 3× 104 km.
As in preperihelion Hale–Bopp (Krasnopolskyet al.1997), the
brightness center is offset from the nucleus in the direction
tween that to the Sun and the comet velocity vector. The p
angle ofφ= 42◦ for this observation is larger than those of≈20◦

for Hale–Bopp and d’Arrest, and the crescent-like structure
X-ray excitation (revealed in the image of Hyakutake atφ= 50◦)
is better seen in this comet. The brightness maximum offs
(3.2± 1.4)× 104 km in the sky plane, and the correction for t
phase angle (Krasnopolskyet al. 1997) results in the offset o
(4.6± 2)× 104 km.

The azimuthally averaged brightness versus distance
the brightness center is shown in Fig. 3. The X-ray lumino
of Comet Borrelly as a fuction of aperture radiusρ is shown
in Fig. 4. The data for these figures were extracted from
inconvolved images. Figure 4 is very helpful for comparison
our observations with the other X-ray observations which refe
different apertures. The X-ray luminosity from Comet Borre
is equal to (1.6± 0.15)× 1024 photons s−1 at 97–165 eV and
(1.1± 0.1)× 1015 erg s−1 at E > 100 eV forρ= 1.3× 105 km
(Table III). X-ray luminosities in Table III refer to apertures
levels of 20% of the maximum brightnesses.

The luminosities in Table III are given with 1σ statistical
uncertainties which are the vectorial sums of the uncertain
of total (signal plus background) count numbers and the b
ground uncertainties. The former dominate at small apertu

and the latter at large apertures. An optimum is at an intermediate
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TABLE II
Conversion Factors

97–165 eV Spectrum E> 100 eV 100–700 eV

1024 ph/s kT= 200 eV 1.8+ 24a ph/s 6.2+ 14 erg/s 1.8+ 24 ph/s 6.0+ 14 erg/s
230 2.0+ 24 7.0+ 14 1.9+ 24 6.6+ 14
290 2.2+ 24 8.6+ 14 2.1+ 24 7.6+ 14
360 2.4+ 24 1.04+ 15 2.3+ 24 8.6+ 14

α=−2 2.2+ 24 — 1.9+ 24 6.8+ 14
α=−3 1.2+ 24 3.85+ 14 1.2+ 24 3.3+ 14

1 mRb kT= 200 eV 1.8 mR 5.0− 8 erg cm−2 s−1 sr−1 1.8 mR 4.7− 8 erg cm−2 s−1 sr−1

230 2.0 5.6− 8 1.9 5.2− 8
290 2.2 6.8− 8 2.1 6.1− 8
360 2.4 8.3− 8 2.3 6.9− 8

α=−2 2.2 — 1.9 5.4− 8
α=−3 1.2 3.1− 8 1.2 2.6− 8
a 1.8+ 24= 1.8× 1024.
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b 1 mR (millirayleigh)= 103 photons cm−2 s−1 (4π sr)−1.

aperture, and these optima are given in Table III as the
tection levels inσ . It is equal to 14σ for Comet Borrelly at
ρ= 6.8× 104 km. The uncertainty of 25% for the X-ray emi
sion from Comet Hale–Bopp given in Krasnopolskyet al.(1997)
reflected mostly the model uncertainty (the assumption
uniform spectrum). The detection level for that comet wasσ
(Table III) atρ= 1.9× 105 km.

Comparison of the count numbers in the unconvolved fra
of 100× 100 pixels (440× 440 arcsec) and 200× 200 pixels re-
sults in the optimum conditions for detection of comets wh
are faint in the soft X-ray. A 2σ detection limit for the effective
exposure time of 3.8× 104 s depends slightly on the observi

−3
ns and is typically 100 counts, that is, 2.6× 10 cps. It

1

counts and this approximation are also shown in Fig. 5. These
ered
corresponds to the X-ray luminosityQX < 2.6× 102312 ph s−1

TABLE III
Summary of EUVE Observations of Soft X-rays in Eight Comets

C/1993 Al C/1995 Q1 C/1996 B2 C/1995 O1 C/1995 O
Parameter 2P/Encke Mueller 19P/Borrelly 6P/d’Arrest Bradfield Hyakutake Hale–Boppa Hale–Boppb

r (AU) 1.43 2.64 1.39 1.42 1.50 1.07 3.07 3.45
ρ (104 km) 17 41 13 6 23 20 40 40
QX (1024 ph s−1) <0.27 <1.4 1.6± 0.15 0.45± 0.05 <0.5 10.3 7.3± 1.5 2.65± 0.9
QXE (1014 erg s−1) <1.9 <10 11± 1 3.1± 0.35 <3.5 72 51± 10 19± 6
ρSP (104 km) — — 3.2± 1.4 <1 — 4.4± 0.3 14± 6 —
ρB (104 km) — — 4.6± 2 <3 — 6± 1 27± 12 —
S/σ <2 <2 14 10.5 <2 >50 7 3
Qgas(s−1) 3.4+ 27c 9+ 27 3.3+ 28 1.2+ 28 4+ 27 2+ 29 6+ 29 3+ 29
A fρ (m) 0.16 — 5.2 0.65 0.85 72 630 500
εg <1.4− 4 <6.7− 4 7.9− 5 6.4− 5 <2.3− 4 5.7− 5 6.5− 5 5.7− 5
εd (ph s−1 m−1) <3.5+ 24 — 5.9+ 23 1.4+ 24 <1.3+ 24 1.6+ 23 1.1+ 23 6.3+ 22

Note. r is the heliocentric distance,ρ is the aperture at 20% the peak brightness (ρ is taken at 250′′ for the upper limits),QX andQXE are the X-ray luminosities
within the apertureρ for a flat spectrum in the range of 97–165 eV and for thermal bremsstrahlung withkT= 230 eV andE> 100 eV,ρSPandρB are the brightness
maximum offset from the nucleus in the sky plane and the corrected value,S/σ is the detection level inσ for the best aperture (see text),QgasandA fρ are the gas
and dust production rates, respectively, andεg andεd are the efficiencies of X-ray excitation relative to the gas and dust production rates (see text).

a Preperihelion observation.

differences result in a pronounced excess in the bin cent
rihelion observation.
7= 3.4× 1027.
de-

-

f a
7

es

ch

g

at 97–165 eV andQXE< 1.9× 101412 erg s−1 for E> 100 eV
andkT= 230 eV. The observational data for Comets Encke
Mueller show no detectable emissions with the 2σ upper limits
of 2.7× 1023 and 1.4× 1024 ph s−1 (1.9× 1014 and 1015 erg s−1)
for ρ= 1.7× 105 and 4.1× 105 km, respectively.

Counts in the 100× 100-pixel bins near the central line o
the lexan/boron filter in the remapped DS image of Hale–Bo
observed by us postperihelion in November 1997, are show
Fig. 5. Due to imperfect correction of the background by
vignetting function, these counts show a weak (≈10%) mini-
mum near the image center, which may be approximated
the third-degree polynomial. Differences between the meas
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FIG. 2. Comet Borrelly in soft X-rays.V is the comet velocity direction in the geocentric coordinates. North is at the top and east is to the left.
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at pixel 970. The detected X-ray luminosity is (3.7± 1.2)×
1024 ph s−1 at 97–165 eV and (2.6± 0.85)× 1015 erg s−1 at
E> 100 eV (kT= 230 eV) forρ= 6× 105 km. This luminosity
is close to the detection limit, therefore the brightness offset
radial distribution are uncertain and not shown here. Howe
the brightness offset is also between the sunward and come
locity directions. We assume that the X-ray spatial distributi
are similar in our observations of post- and preperihelion Ha
Bopp. Summary of the EUVE observations of soft X-rays

eight comets is given in Table III.
nd
er,
ve-

ns
e–
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3. GAS AND DUST PRODUCTION RATES

Observations of Hale–Bopp on 25–29/12/97 from the Infra
Space Observatory gave the production ratesQH2O= 2.8×
1028 s−1, QCO2 = 3.5× 1028 s−1, and QCO= 1.5× 1029 s−1

(Bockelee-Morvanet al.1998). Using ar−3 dependence for th
gas production in dynamically new and long-period comets a
perihelion (A’Hearnet al.1995), we obtainQgas= 3× 1029 s−1

during our observation of Hale–Bopp in November 19

Microwave measurements of eight species with four radio
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FIG. 3. X-ray brightnesses in Comet Borrelly (solid) and three other com
(dashes) as functions of distances from the brightness maxima. For Hyaku
brightnesses in both the antisolar direction and the direction normal to the
comet line are shown, Azimuthally averaged brightnesses are shown fo
other comets. The data refer to the EUVE range of 97–165 eV.

telescopes did not cover H2O and CO2 in the period of our obser
vation, and the CO production rate was at 1029 s−1 (Biver et al.
1999). The HST observations resulted inQH2O= 5.7× 1028 s−1

(Weaveret al. 1999) interpolated to 20/11/97. Based on the
data, we adoptQgas≈ 3× 1029 s−1.

A measurable quantity, which is proportional to the dust p
duction rate in comets, isA fρ, whereA is the particle albedo
and f is the filling factor for dust particles observed within a
apertureρ (A’Hearnet al.1995). Conversion ofA fρ (in m) to the
dust mass production (in kg s−1), which depends on some poor
known parameters of the particle mass distribution, is unimp
tant for us. Interpolation of the HST observations of Hale–Bo
(Weaveret al.1999) to 20/11/97 givesA fρ= 970 m. The HST
values ofA fρ are measured in a small aperture of 1 arcsec
in a broadband filter of 0.55–1.1µm. Those values are typicall
greater by a factor of 3 to 3.5 than the groundbasedA fρs, which
refer to much larger apertures and narrowband filters. For
ample, the HST and groundbasedA fρs were equal to 2100 an
630 m near the dates of the EUVE observation of preper
lion Hale–Bopp (see Krasnopolskyet al. (1997) and reference
therein). Most ofA fρ values are from the groundbased obs
vations, and scaling the above values results inA fρ= 290 m

on 20/11/97.A fρ= 540 and 570 m were measured by groun
X-RAYS IN COMETS 157
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based photometry on 26/10/97 and 1/12/97 (Schleicher, p
commun.). Based on these data, we adoptA fρ≈ 500 m for the
dates of the EUVE observation.

The IUE observations of the OH production rate for com
Borrelly on 18/11/94 and 3/12/94 resulted inQH2O= 2.9× 1028

and 2.3× 1028 s−1, respectively (Festou, pers. commun.). Th
OH observations at 18 cm showedQOH= 2.4× 1028 s−1 at r ≈
1.42 AU (Bockelee-Morvanet al. 1995). These values agre
with the observations of Comet Borrelly at the previous passa
(A’Hearnet al.1995, Newburn and Spinrad 1989). Cochran a
Barker (1999) obtainedQOH= 1.7× 1027 s−1 near the dates of
the EUVE observation which is much smaller than the oth
results and therefore neglected. We use factors of 1.2 and 1
convert the H2O and OH production rates, respectively, to th
total gas production rates. This givesQgas= 3.3× 1028 s−1.

The measuredA fρs in Comet Borrelly are equal to 6.1 an
3.1 m from Lamyet al. (1998) and Cochran and Barker (1999
and may be compared with 6.5 m from the previous pass
(A’Hearnet al.1995). We adopt the mean valueA fρ= 5.2 m.

The water production rate observed with the IUE in Com
Encke on 27/12/93 atr = 1.03 AU is QH2O= 5.1× 1027 s−1

(A’Hearn, pers. commun.). The correction for heliocentric di
tance from A’Hearnet al. (1995) results inQH2O= 2.8×
1027 s−1 andQgas= 3.4× 1027 s−1. This is also close to the val-
ues from the previous passages (A’Hearnet al.1995, Newburn

FIG. 4. X-ray luminosities of four comets in the range of 97–165 eV a

d-functions of aperture.
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was rapidly decreasing with a time constant of 9.3 h. The mean
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FIG. 5. Detection of X-rays in postperihelion Hale–Bopp. Counts per b
of 100× 100 pixels near the central line in the remapped image of Comet H
Bopp (top solid line). The background is approximated with the third-deg
polynomial. The difference between the counts and their approximation (bo
solid line) shows a pronounced signal in the bin centered on pixel 970.
convenience, the zeroth line for this difference is placed at a level of 7500.

and Spinrad 1989). According to A’Hearnet al. (1995),A fρ is
equal to 0.16 m for the conditions of our observations.

Three observations of the visual magnitudemv on June 9–12,
1994, are the only data which we have found for Comet Mue
(1993 A1) near the time of the EUVE observation. They g
mv= 12.3± 0.3. A crude method of obtaining the OH produ
tion rate frommv (Festou 1986) with the further correction fo
the factor of 1.3 givesQgas≈ 9× 1027 s−1. The gas and dus
production rates in Comets d’Arrest, Bradfield, Hyakutake, a
preperihelion Hale–Bopp are considered in Mummaet al.(1997)
and Krasnopolskyet al. (1997).

4. EXCITATION PROCESSES

Studying the correlation of the observed X-ray luminosit
with the gas or dust production rates is a way of choosing
tween gas- and dust-related mechanisms of X-ray excitation
between charge transfer of solar-wind heavy ions and scatte
of the solar X-rays by the attogram dust. A ratio of the attogr
dust to ordinary dust is poorly known and may be variable. Th
variations are also unknown and may downgrade the correla
of X-rays with dust. The correlation of X-rays with gas is le
affected by poorly known factors. The long exposure times o
to 6 days (the effective exposures are much shorter!) in our
servations significantly reduce effects of variations in the so
wind and in the solar X-rays. The apertures of a few times 105 km
also correspond to averaging of a comet activity in a few da
This time is much longer than typical periods of comet rotati
and the regular spinning jets do not affect the observations.

A problem that we meet in the comparison of the X-ray lum
nosities with the gas and dust production is a choice of the a

ture to which X-ray luminosity refers. We choose these apertu
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at levels of 20% of the peak brightnesses (Fig. 3). This choic
arbitrary to some extent. Values ofρ are given in Table III, and
the appropriate X-ray luminosities are taken from Fig. 4.

The obtained gas- and dust-related efficiency of X-ray
citation,εg= r 3/2QX/Qgas andεd= r 2QX/A fρ, are shown in
Table III. The gas-related efficiencies are corrected to the va
tion of the gas velocity with heliocentric distance:v=
0.85r 1/2 km/s (Cochran and Schleicher 1993). The dust-rela
efficiencies are based on the observed dust abundancesA fρ and
do not need this correction. The values for the comets, wh
have been detected with the EUVE, result inεg= (6.4± 0.9)×
10−5 andεd= (4.7± 5.6)× 1023 ph s−1 m−1. Correlation be-
tween the X-ray luminosities and the gas production rates i
good that the uncertainty of 14% in the obtained efficiency
comparable with the uncertainties of both the X-ray luminosit
and the gas production rates. The uncertainty ofεd is so great
that only a 2σ upper limit of εd< 1.5× 1024 ph s−1 m−1 can
be established from the measurements. This favors a gas-re
process of X-ray excitation which is charge exchange of s
wind heavy ions with cometary gas.

The upper limits for bothεg andεd in Comets Encke, Mueller
and Bradfield agree withεg andεd in the other comets. Com
bining the detection limit of 2.6× 102312 ph s−1 with εg, we
obtain that X-ray from a comet is detectable with the EUV
if Qgas> 4× 1027 r 3/212 s−1. Converting this limit to a visua
magnitude using the relationship from Festou (1986), we
a limiting magnitude of 11.4+ 1.25 log r . It is similar to the
detection limit ofmv= 12 at r < 2 AU in the all-sky ROSAT
survey (Dennerlet al.1997).

Inspection of the peak brightnesses scaled tor 2 results in
a rather constant value of 26± 9 millirayleighs. This means
that the comae are fairly thick for an excitation process atρ≈
104 r km (Fig. 3). Comae are much thicker collisionally for th
solar wind heavy ions than optically for the solar X-ray photo
This also favors the charge exchange mechanism.

5. X-RAYS FROM COMET HALE–BOPP

X-rays from Comet Hale–Bopp were successfully obser
by us using the EUVE both pre- and postperihelion, on 1
19/9/96 (Krasnopolskyet al.1997) and on 17–23/11/97 (Figs.
to 5). The comet was also observed with the BeppoSAX on
11/9/96 (Owenset al.1998) and five times with the ROSAT an
ASCA (Lisseet al.1999a).

The pre- and postperihelion X-ray luminosities observed
us within an apertureρ= 6× 105 km were (1± 0.23)× 1025

(Fig. 4) and (3.7± 1.2)×1024ph s−1, respectively, at 97–165 eV
The gas excitation efficiencies for both observations are sim
(Table III) and close to the mean value for all observed com
indicating a regular behavior of X-rays in the comet. Howev
the X-ray emission measured with the BeppoSAX during 24 h
10–11/9/96 just a few days before our preperihelion observa
resluminosity was 4.8× 1016 erg s−1 in the range of 100–2000 eV
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for thermal bremsstrahlung withkT= 290 eV, and “the source
spectrum was extracted within an 8′ radius,” that is,ρ= 106 km.
The luminosity observed by us withinρ= 106 km is equal to
1.4× 1025photons s−1 (Krasnopolskyet al.1997, Fig. 3; see als
Fig. 4 in this paper). Then the energy emitted atE> 100 eV is
1.2× 1016 erg s−1 using the conversion factor forkT= 290 eV
from Table II. The difference of a factor of 4 may be com
pared with that of 8.3–3.4 obtained by Owenset al. (1998)
and of≈10 from Lisseet al. (1999a). (Lisseet al. compared
the BeppoSAX value of 2× 1016 ergs s−1, instead of the pub
lished value of 4.8× 1016 ergs s−1, with the EUVE value of 2×
1015 ergs s−1 which was not corrected for the aperture and
spectral range.)

Hale–Bopp was also observed with the ROSAT and AS
twice in September 1996 and then in September, October
December 1997 (Lisseet al. 1999a). X-ray emission has no
been detected in all those observations with a 3σ upper limit of
2× 1015 erg s−1 for the ROSAT observation on 19/9/96, whic
was the last day of the EUVE observation of Hale–Bopp. T
obtained upper limit is smaller by a factor of 6 than the X-r
luminosity measured by us withinρ= 106 km and is equal to
the luminosity atρ= 1.6× 105 km, both forkT= 290 eV. (We
do not know which aperture and spectral range this limit re
to, and will use it as it is.) The overall high variability of X-ray
from Comet Hale–Bopp observed with the BeppoSax, EU
and ROSAT in September 1996 looks puzzling and needs ex
nation in terms of variations of the gas and dust abundanc
the comet, fluxes of the solar wind heavy ions and/or the s
X-rays.

The detailed observations by Schulzet al. (1999) of the CN
3880Å band and the continuum at 4470Å using spectra and
images of Comet Hale–Bopp on September 10 to 16 show
short outburst, which appeard on 9/9/96 at 11± 1 UT, just 20 h
before the beginning of the BeppoSAX observation. The co
gas and dust production rates during that outburst exceeded
mean values by factors of 3 and 7, respectively. On Septem
10 the gas and dust densities atρ≈ 104 km exceeded the mea
values by factors of 6 and 5.5, respectively, and those “bum
had half-widths of 104 km. However, it is difficult to explain
the X-ray outburst by this outburst because it increased the
dust and gas abundances within, say,ρ≈ 5× 105 km by 10%
only. Furthermore, the X-ray outburst ceased at the end o
BeppoSAX observation on September 11 while the dust
bump was spreading in the coma for a few days after that d

The observations by Schulzet al. (1999) did not cover the
ROSAT observation on September 19. The only data avail
to us which covered both EUVE and ROSAT observations
September 1996 are numerous (136 and 17, respectively
sual magnitudes listed inInternational Comet Quarterly. We
conclude from these values that the visual luminosity of Ha
Bopp on 19/9/96 was weaker by a factor of 1.14± 0.1 than the
mean visual luminosity during the EUVE observation. The

fore, we do not expect that a strong decrease in the gas or
abundance resulted in the nondetection.
X-RAYS IN COMETS 159
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The BeppoSAX spectrum withkT= 290± 60 eV agrees with
the charge exchange spectrum calculated by Wegmannet al.
(1998) and favors this excitation process. The attogram dust
tering spectrum is much softer, with a photon index ofα≈−5 for
the intervals of 101–165 and 165–284 eV (Krasnopolsky 199
1998), and disagrees with the observation. A possible expl
tion of the behavior of Hale–Bopp in X-rays might be a charg
transfer emission during the BeppoSAX observation and a d
dominated regular emission. Using thermal bremsstrahlung
kT= 290 eV for the charge transfer emission and the kno
spectral dependences of the effective areas of the EUVE DS
the ROSAT HRI, we expect almost equal count rates for b
instruments. However, if scattering of the solar X-rays by
togram dust dominates, then the ROSAT count rate is sm
than the EUVE count rate by a factor of 6. Though this hypot
sis explains the ROSAT nondetection, it is not supported by
gas-related efficiencies of X-ray excitation (Table III), whi
favor the charge exchange excitation in the EUVE observati
Moreover, this hypothesis does not explain a source of the st
X-ray outburst observed with the BeppoSAX.

The simplest explanation of the X-ray observations of Com
Hale–Bopp is variations of the heavy ion flux. The duration
the EUVE observations varied from 2 full days for the first fi
comets to a full 4, 5, and 6 days for Hyakutake and preperihe
and postperihelion Hale–Bopp, respectively. These observa
are longer than typical variations of the heavy ion flux in the so
wind which are of a few hours. Therefore, the EUVE obser
tions show a regular behavior of X-ray in the observed com
The BeppoSAX observation was for 1 day, and the ROSAT
servations were probably for a few hours. The heavy ion fl
during those observations could be much stronger and we
respectively, than the mean flux, and this may explain the
sults. Comet Hale–Bopp during the X-ray observations wa
far from Earth in all three coordinates that it is hardly possi
to derive a structure of the heavy ion flux near the comet
near-Earth monitoring of this flux.

A possible weak point in this explanation is the nondet
tion of Hale–Bopp in all five observations with the ROSAT a
ASCA (Lisseet al.1999a). However, upper limits for those o
servations are unkown. Of some interest could be the upper
of 0.004 cps for the first channel (0.5–1 keV) of the ASCA o
served on 25/9/96 (Lisseet al.1999a). Unfortunately, a spectra
shape of the effective area for that channel is not accessible
as in the case of the ROSAT upper limit, the aperture is unkno

6. CONCLUSION

The analysis of the EUVE observations of the postperihe
Hale–Bopp and three archive comets in this paper has dou
the number of comet observations in our EUVE database.
of the eight observations show the detectable soft X-ray em
sions. The measured signal is proportional tor 3/212Qgas (with
the efficiency of (6.4± 0.9)× 10−5 AU3/2) and therefore favors

a gas-related excitation mechanism. The only viable candidate
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is the charge transfer mechanism. The maximum brightne
within ρ≈ 104 km and scaled tor 2 are rather constant and re
quire collisionally/optically thick comae. This can also be t
case for the charge transfer and precludes scattering of the
X-rays by the attogram dust.

Using our X-ray luminosities for various apertures and assu
ing the presentation of the charge transfer spectrum by the
bremsstrahlung or the power law, it is possible to make car
comparison of the observations made with different instrume

While both of our pre- and postperihelion observations
Hale–Bopp demonstrate a regular behavior of X-rays from t
comet, the outburst detected with the BeppoSAX and
nondetection with the ROSAT look puzzling. We suggest that
long-term EUVE observations reflect a regular X-ray emiss
while the comparatively short BeppoSAX and ROSAT obs
vations of Comet Hale–Bopp could coincide with a strong a
weak flux of solar-wind-heavy ions, respectively.
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